Summary.
A mixture of 50-60% monomeric methyl methacrylate and 40-50% monomeric 2-hydroxypropyl methacrylate was supplemented with 1.5% benzoyl peroxide (catalyst) and 1.5% N,N-dimethylaniline (accelerator) and injected into glutaraldehyde-perfusion fixed rat hypophyseal and other endocrine organ blood vessels and biliary tracts.
This injection medium rapidly polymerized at room temperature and did not require partial polymerization prior to injection.
Good casts of blood vessels, including the hypophyseal capillaries, were obtained for scanning electron microscopy. The monomeric methacrylate medium possesses a great advantage over previous ones, as its fluidity enables the casting of very fine vessels such as bile canaliculi.
In the case of non-fixed tissues, the monomeric methacrylate medium should be injected carefully, as it is toxic and destructive to the vessels.
Scanning electron microscopy (SEM) of casted samples, now considered a standard method for studying microcirculation, has unraveled the microvascular organization of many tissues and organs which previously were only poorly visualized by conventional light or transmission electron microscopy (MURAKAMI, 1971 (MURAKAMI, , 1972 FUJITA and MURAKAMI, 1973; NOWELL and LOHSE, 1974; LAMETSCHWANDTNER and SIMONSBERGER, 1975; LEE and DEMPSEY,1976; PAGE et al., 1976; CANNON, 1978; MORRIS and CAMPBELL, 1978; HODDE and NOWELL, 1980; BHALLA et al., 1981; OHTANI et al., 1983; OLSON, 1983; ROGERS and CANNON, 1983) . Many casting or injection media (polyester, latex, rubber, etc.) are commercially available (Schafer et al., 1973; NoWELL and LOHSE,1974; FRASCA et al., 1978; CANNON, 1978; NOPANITAYA et al., 1979; HODDE and NOWELL, 1980; NORTHOVER et al., 1980) . We, however, prefer using laboratory-prepared or partially polymerized methyl methacrylate mixtures (MURAKAMI,1971; MURAKAMI et al., 1973) because they are less viscous and more easily injected into minute vessels. This is especially true of those diluted with monomeric hydroxypropyl methacrylate (MURAKAMI, 1975) . How-ever, preparation of the mixtures is somewhat troublesome and tedious as partial polymerization requires heating prior to injection (MURAKAMI,1971; MURAKAMI et al ., 1973; LAMETSCHWANDTNER and SIMONSBERGER, 1975) Or ultraviolet light treatment (GANNON, 1978) . We have recently found that monomeric mixtures of methyl methacrylate and hydroxypropyl methacrylate can be directly injected without partial polymerization . This paper relates the details of this process and demonstrates its use in casting rat hypophyseal, thyroid, parathyroid and adrenal blood vascular beds and liver bile canaliculi.
MATERIALS AND METHODS

Monomeric methacrylate injection medium
A mixture of 50-60°o methyl methacrylate monomer (v/v) (Katayama Chemicals Ltd ., Osaka, Japan) and 40-50°0 2-hydroxypropyl methacrylate monomer (v/v) (Nakarai Chemicals Ltd., Kyoto, Japan) was prepared.
This was supplemented with 1 .5% benzoyl peroxide (w/v) (catalyst) (Katayama Chemicals Ltd .) and 1.5% N, N-dimethylaniline (v/v) (accelerator) (Katayama Chemicals Ltd.) just prior to injection . This final mixture shall be refered to as the injection medium .
Injection into the rat hypophyseal, thyroid, parathyroid and adrenal capillaries Adult rats weighing about 300 g were anesthetized by an intraperitoneal injection of sodium pentobarbiturate (2.5 mg per 100 g body weight). The right cardiac atrium was incised, and the ascending aorta cannulated after ligation of the thoracic aorta . Some of the anesthetized rats were decapitated, and their thoracic aorta cannulated for casting of the adrenal gland.
The animals were thoroughly perfused through the cannulated ascending or thoracic aorta with physiological saline followed by 2% glutaraldehyde in 0 .1 M phosphate buffer (pH 7.2). Immediately after the perfusion-fixation , the injection medium was infused via a syringe into the cannulated ascending or thoracic aorta at a pressure of 70-80 mmHg until the superior or inferior vena cava was filled (2-3 min) . The injection pressure was decreased to 40-50 mmHg, and infusion continued until the injection medium in the syringe hardened.
Injection into the rat liver bile canaliculi Adult rats weighing about 300 g each were anesthetized with pentobarbiturate (see above). The ductus choledochus and thoracic aorta were cannulated . The animals were thoroughly perf used with physiological saline and buffered 2 % glutaraldehyde through the cannulated aorta to fix the liver and biliary tracts . Immediately after glutaraldehyde fixation, the injection medium was infused via the syringe into the cannulated ductus choledochus at a pressure of 70-80 mmHg . This injection continued, without any decrease in pressure, until the injection medium in the syringe hardened. In some cases, a small amount of commercially available Mercox injection medium (Japan Vilene Hospital Ltd., Tokyo, Japan) was infused into the portal vein after the methacrylate injection into the ductus choledochus .
Digestion of tissue elements
The injected animals or organs were heated in a water bath (50-60° C) for 3-6 hr , digested with 10% NaOH (50-60°C) overnight, and gently washed under a water tap for 8 hr to remove tissue elements. Undigested bone remnants surrounding the hypophysis were removed with forceps before freeze-cutting.
Water-frozen casts were cut by razor blades into blocks suitable for SEM observation.
The blocks were again immersed in hot 10°o NaOH overnight and washed gently in running tap water (8 hr) to remove any remaining tissue elements.
They were placed on filter paper and airdried. The blocks containing bile canaliculi were frozen with water and freeze-dried (Model 2FS5, Hull Co., PA, USA).
Scanning electron microscopy
The dried blocks were mounted on metal stubs, and conductively stained by vaporized osmium tetroxide-hydrazine hydrate or coated with gold in a vacuum evaporator (Model JE4-4C, JEOL Co., Tokyo, Japan) or an ion-coater (Model IB-3, Eiko Ltd., Ibaragi, Japan). Observations were performed with a scanning electron microscope (Model HHS-2R, Hitachi Naka Works, Ibaragi, Japan), using an acceleration voltage of 5-10 kV.
Dissection or manipulation of casts
The dried specimens occasionally were dissected in air or manipulated (extended or pressed) in an absolute ethanol bath (20-22° C) (MURAKAMI, 1972) . Sharpened forceps, pincettes or needles were employed under a binocular light microscope (Model SMZ-10, Nikon Co., Tokyo, Japan). Dissection was performed both before and after the conductive treatment and scanning electron microscopy.
RESULTS
The monomeric methyl and 2-hydroxypropyl methacrylate medium was as viscous as water. It polymerized rapidly at room temperature (20-22° C), without heating or ultraviolet light treatment, and thus quickly increased its viscosity and temperature.
In vitro it became as viscous as 10% glycerin aqueous solution (40°C) within 2 min, 50% glycerin aqueous solution (60°C) within 4 min, 100% glycerin (80° C) by 6 min, and completely polymerized by 8 min. Although the viscosity of the medium increased during injection, it remained very fluid and readily injectable at the early stages of polymerization.
Initial infusion at 70-80 mmHg through the ascending aorta, followed by a decreased pressure of 40-50 mmHg as the medium polymerized, resulted in a nearcomplete filling of the glutaraldehyde perfusion-fixed capillaries and veins of the hypophysis and brain as well as the thyroid and parathyroid glands; there were few non-injected vessels and few leakages.
The injected medium polymerized sufficiently within the vessels; hardening was aided by the supplementation of a catalyst and accelerator and by post-injection warming in a water bath. Thus the entire blood vascular beds of the hypophysis, thyroid gland and parathyroid gland were consistently casted along with those of the brain and other associated organs or tissues ( Fig. 1-3, 7) . Initial infusion at 70-80 mmHg through the thoracic aorta, followed by the decreased injection pressure, also allowed sufficient casting of the blood vascular bed in the adrenal gland (Fig. 8) .
Retrograde, continuous injection of the monomeric methacrylate injection medium into the glutaraldehyde-fixed liver via the ductus choledochus casted the bile ducts, ductules, and canaliculi (Fig. 4-6) . A constant pressure of 70-80 mmHg produced sufficient casting of ducts and ductules throughout the liver (Fig. 4-6 ). Canaliculi were not consistently filled. In poorly injected segments, only a few peripoetal bile canaliculi were reproduced (Fig. 5) . In thoroughly injected segments, however, the peripheral bile canaliculi in the liver cell columns near the central vein were casted (Fig. 4) . Medium leakages through the biliary tracts, including the canaliculi, were rarely noted (Fig. 5, 6 ). Additional casting of the portal vein branches after the biliary injection helped with positional identification of the casted biliary tree. By this method, for example, it could be clearly demonstrated that the biliary twigs form anastomosing networks around the portal vein branches (Fig. 5, 6 ). The polymerized casts, including those of the bile canaliculi, were stable in the hot NaOH solution. The models were not damaged by the digestion procedure. Although casts of bile canaliculi required freeze-drying to avoid deformation of their ultrastructures, casts of blood vessels, bile ductules and thicker vessels were stiff and withstood air-drying without alterations.
Neither gold-coating ( Fig. 2-8 ) nor staining with vaporized osmium tetroxidehydrazine hydrate (Fig. 1) caused damage or deformation in any casts including those of bile canaliculi.
Thus, both gold-coated and osmium-impregnated casts were fully suited for observation (without charging) in a scanning electron microscope at an acceleration voltage of 5-10 kV ( Fig. 1-8 ). Beam damage of the casts was not noted during the scanning.
Although the casts were somewhat pliable, they were readily cut or broken with sharpened forceps, pincettes, or needles. This enabled exposure of regions of interest as the casts were dissected under a binocular light microscope (Fig. 2, 3, 6 ). Furthermore, the casts were softened in absolute ethanol and successfully manipulated (extended or pressed) without any marked breakage of the mold. This manipulation could be performed only within a few min; five min after immersion, the casts markedly dilated and began to dissolve.
The monomeric methacrylate injection medium shrank to some extent (about 20°0) during hardening.
However, mural structures were sometimes imprinted on the casts. In such cases, vascular contractions caused by glutaraldehyde-fixation (or resistences of muscular elements in the vascular walls against the infusion pressure of the medium) were observed as circular ridges (Fig. 7) , endothelial nuclear protrusions as oval impressions, and endothelial cell boundaries as fine linear impressions.
The biliary endothelial microvilli were rarely imprinted.
DISCUSSION
Many laboratory-prepared or commercially available injection media have been used to cast minute vessels, including the hypophyseal capillaries, for scanning electron microscopy (MURAKAMI, 1971 (MURAKAMI, , 1975 NOWELL and LOHSE, 1974; FRASCA et al., 1978; CANNON, 1978; NOPANITAYA et al., 1979; HODDE and NOWELL, 1980; NORTHOVER et al., Fig. 3 . Dorsal view of the rat hypophyseal blood vascular beds, casted by monomeric methacrylate injection medium. Coated with gold. The hypothalamic blood vascular beds were removed by dissection. A part of the primary capillary plexus was also removed so that the portal vessels (p) could be exposed. a Hypophyseal (hypothalamo-hypophyseal) arteries and their branches, AH adenohypophysis, c connection of subependymal vessels (s) with the primary plexus, cp connection of subependymal vessels with hypophyseal portal veins (p), h dissected remnant of hypothalamic capillaries, ha hypothalamic ascending arterioles that pass through the primary plexus, M median eminence (anterior segment); sa subependymal afferent vessels (arterioles), sv subependymal efferent vessels (venules), v hypothalamic vein. 5 kV. x 84 Fig. 4 . SEM view of the rat bile canaliculi, tasted by monomeric methacrylate injection medium after perfusion-fixation (a well injected area). Coated with gold. B terminal twig of bile duct, b canal of IIering, c bile canaliculi. 5 kV. x 1,100 1980). Selection criteria have also been discussed (NOWELL and LoxsE, 1974; GANNON, 1978; HODDE and NOWELL,1980) , and can be summarized as follows: 1) the medium must have suitable physical and chemical properties to fill the vessels; 2) it must polymerize evenly; 3) the casts must withstand digestion, freezing, trimming, drying, and dissection; and 4) the casts must be capable of being made conductive and able to withstand bombardment by electrons during observation. Although its use is restricted to glutaraldehyde-perfusion fixed specimens, the monomeric methyl and 2-hydroxypropyl methacrylate medium sufficiently satisfies these criteria. The cast quality is com- Fig. 5 . SEM of rat bile canaliculi (c), ductules (b) and ducts (1313, Bl, Br), tasted by monomeric methacrylate injection after perfusion fixation (a poorly injected area). In this case, portal vein branches (P) were reproduced by additional Mercox injection. Note the terminal twigs (BI, Br) of the BB duct anastomosed with each other. L leakage of methacrylate medium, f filamentous remnants of tissue elements (probable collagen bundles). 5 kV. x 990 parable to that obtained by injection of partially polymerized methyl methacrylate or other low viscosity media into non-fixed specimens (MIRAKAMI, 1971 (MIRAKAMI, , 1972 (MIRAKAMI, , 1975 FuJITA and MURAKAMII, 1973; KIKUTA and MURAKAMI, 1982) . This medium has the disadvantage of not being suitable for ethanol (or isoamyl acetate)-mediated critical point drying.
The medium should be used carefully in casting non-fixed vessels. It is toxic and destructive to tissues, especially minute vessels, and weakens the vessels making them intolerant of high perfusion pressure.
For casting of non-fixed rat hypophyseal capillaries, the injection pressure should be lowered to 40-50 mmHg, in order to prepare adequate casts with minimal leakage (data not shown). Injection into non-fixed biliary tracts, via the ductus choledochus, always breaks the bile ductules, and does not cast the bile canaliculi, even when injection pressure is reduced to 20-30 mmHg.
Formaldehyde, osmium tetroxide, or other strong fixatives are not suggested for perfusionfixation prior to injection, as they harden the tissues or destroy the elasticity, thus rendering capillary and canaliculi filling difficult. The perfusion with saline which completely removes blood components prior to fixation is a necessary procedure as blood emboli hinder uniform fixation and filling of capillary beds.
Monomeric 2-hydroxypropyl methacrylate, when supplemented with benzoyl peroxide and N, N-dimethylaniline, polymerizes more rapidly than the monomeric methyl and 2-hydroxypropyl methacrylate medium. However, 2-hydroxypropyl methacrylate casts are weak and require freeze-drying to avoid deformation.
Monomeric hydroxyethyl methacrylate and hydroxypropyl acrylate supplemented with the catalyst and accelerator polymerize as rapidly as monomeric 2-hydroxypropyl methacrylate does under the same conditions. Hydroxyethyl methacrylate and hydroxypropyl acrylate are soluble in water and readily dispersed into the tissues. At least three hours are necessary for monomeric methyl methacrylate supplemented with 1.5°° benzoyl peroxide and 1.5°° N,N-dimethylaniline to polymerize; thus, this last medium requires partial polymerization prior to injection (MURAKAMI, 1971) .
Increased concentrations of 2-hydroxypropyl methacrylate accelerate polymerization of the monomeric methyl and 2-hydroxypropyl methacrylate injection medium, but result in decreased stiffness of the casts. Decreased concentrations delay poly- merization, but increase stiffness. Catalyst and accelerator concentrations also affect polymerization and stiffness. Supplementation with 2.0% benzoyl peroxide and 2.0°0 N, N-dimethylaniline allows complete polymerization within 6 min and increases pliability (or decreases stiffness).
Lowering the concentrations to 0.5% each prolongs complete polymerization for 20 min or longer, and increases stiffness. Thus, the concentrations of 2-hydroxypropyl methacrylate, benzoyl peroxide and N, N-dimethylaniline can be adjusted for specific requirements.
The monomeric methacrylate injection medium can be injected into fixed biliary tracts to cast peripheral bile canaliculi located around the central vein. Preliminary experiments attempted to cast these vessels with some of the laboratory-prepared or commercially available injection media. Partially polymerized methyl methacrylate medium, when diluted with 30-500 2-hydroxypropyl methacrylate (MURAKAMI, 1975) , is useful to cast a few periportal canaliculi connecting the Hering's canal (JoNES et al., 1980) . It was difficult to cast bile canaliculi with commercially available Mercox injection medium (see above), even when diluted with monomeric methyl methacrylate (OHTANI and MURAKAMI, 1978) or monomeric 2-hydroxypropyl methacrylate.
Scanning electron microscopic evaluation of the casted samples confirmed that the hypophyseal subependymal blood vessels in the median eminence are derived from the hypophyseal (hypothalamo-hypophyseal) arteries, and drain into the hypothalamic veins ( Fig. l-3) . Furthermore, the subependymal vessels received hypothalamic capillaries, gave off capillaries anastomosing with the primary capillary plexus of the hypophyseal portal system, and presented additional drainages into the portal veins (Fig. 2,  3) . The bile canaliculi were found to form anastomosing networks (Fig. 4, 5) . The terminal or small twigs of the biliary ducts were also found to form anastomosing networks (Fig. 5, 6 ). Details of these findings of the hypophyseal vessels and biliary tree will be reported elsewhere.
The blood vascular beds of the thyroid, parathyroid, and adrenal glands demonstrated marked differences which reflect tissue properties (Fig.  7, 8 ). These casts correspond in structure and quality to those prepared from non-fixed tissue injected specimens with partially polymerized methyl methacrylate or Mercox (FUJITA and MURAKAMI, 1974; KIKUTA and MURAKAMI, 1982) . This paper demonstrates that a monomeric methyl and 2-hydroxypropyl methacrylate mixture supplemented with benzoyl peroxide and N, N-dimethylaniline rapidly polymerizes at room temperature and does not require partial polymerization prior to injection. This monomeric methacrylate injection medium is useful in casting glutaraldehyde perfusion-fixed preparations. Hypophyseal capillaries and bile canaliculi were utilized as examples as they are complex in arrangement and structure and yet have been elucidated in detail; a medium which has been proved suitable for the demonstration of these vessels is believed to be widely applicable to the study of the minutest blood vessels and gland ductules.
